ABSTRACT
INTRODUCTION
Coronaviruses (CoVs) are a type species of enveloped viruses with a single-stranded positive RNA genome of approximately 26-32 kilobases. CoVs belong to the Coronaviridae family, classified into the order Nidovirales along with Arteriviridae [1, 2] . All CoVs share similarities in the organization and expression of their genome, which is arranged into open reading frame (ORF) 1a, ORF1b, S, ORF3, E, M and N in order, with both termini flanked by 5′-and 3′-untranslated regions. CoVs are separated into four genera based on phylogeny: alpha-CoV, beta-CoV, gamma-CoV and delta-CoV. The beta-CoV genus contains important veterinary and human etiological agents, such as mouse hepatitis virus (MHV) and severe acute respiratory syndrome coronavirus (SARS-CoV). MHV infects mice liver or neuron, but it is a well-studied coronavirus model for similar patterns of pathogenesis [5] . SARS-CoV is the etiological agent behind an outbreak of severe respiratory disease through China during 2002-2003 [6] [7] [8] .
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Virus infection can be sensed in host cells through the interaction of pathogen-associated molecular patterns with host pattern recognition receptors [13] . During CoVs infection, viral components or replication intermediates can be detected by retinoic acid-induced gene I (RIG-I) and melanoma differentiation gene 5 (MDA5) [14] [15] [16] [17] . Activated RIG-I and/or MDA5 recruit the mitochondrial adaptor protein MAVS/IPS-1/Cardif through caspase activation and recruitment domain (CARD)-CARD interactions to activate the downstream κB kinase (IKK)-related kinases, such as TANK-binding kinase 1 (TBK1) and IKKε. The TBK1-IKKε complex then mediates downstream activation of the critical transcription factors, interferon regulation factor 3 (IRF3) and nuclear factor κB (NF-κB), triggering their nuclear translocation, where they form active transcriptional complexes that bind to IFN promoter elements and activate type I IFN gene expression [18] [19] [20] . Recent studies have identified a new molecule that acts as a protein activator of protein kinase R (PKR), namely protein activator of the interferoninduced protein kinase (PACT) [21, 22] , and also promotes RIG-I signaling in response to viral infection and dsRNA through interacting with the carboxy-terminal domain (CTD) of RIG-I, which in turn stimulates RIG-I ATPase activity [23, 24] .
Many CoVs, including MHV, SARS-CoV, Middle East respiratory symdrome (MERS)-CoV, porcine epidemic diarrhea virus (PEDV), and porcine deltacoronavirus (PDCoV), have been reported to cause dysregulated type I IFN expression to counteract the host innate immune defense, and this is mostly due to virus produced-proteins involved in IFN evasion [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . Nucleocapsid (N) proteins of CoVs are a substantial part of the viral proteins, seemingly dedicated to suppressing the antiviral response [36] . SARS-CoV and PEDV N proteins can inhibit IFN-β synthesis, and this occurs by an unknown mechanism in SARS-CoV [37] . We have previously found that PEDV N protein blocks IFN-β signaling by targeting TBK1 to prevent its interaction with IRF3. We also investigated whether MHV and SARS-CoV N proteins use the same strategy to antagonize IFN-β production; however, the N proteins of MHV and SARSCoV do not interact with TBK1 [38] .
In the present study, we showed that MHV N protein is responsible for IFN-β inhibition, and exerts its IFN-antagonizing function by targeting PACT, thereby impairing PACT-RIG-I/MDA5 interactions and RIG-I/ MDA5 activation for downstream IFN production. This is the same evasion strategy developed by SARS-CoV N protein. However, this mechanism was not shared by PEDV or porcine reproductive and respiratory syndrome virus (PRRSV) N proteins. Our findings thus shed light on the IFN-regulatory mechanism employed by beta-CoV N proteins.
RESULTS

MHV N protein blocks Sendai virus-induced IFN-β production
The MHV N protein has been reported to block type I IFN-induced antiviral responses, but the effect on IFN-β production is still unclear [39] . To test this, HEK-293T cells were co-transfected with a DNA expression construct pCMV-tag2b-MHV-N encoding MHV N protein and luciferase reporter plasmid IFN-β-Luc, together with the internal control plasmid pRL-TK, and then infected with Sendai virus (SEV) or treated with poly(I:C). As shown in Figure 1A and 1B, the overexpression of MHV N protein blocked the SEV/poly(I:C)-induced IFN-β promoter activities. To further confirm that IFN-β expression was inhibited by MHV N protein, HEK-293T cells were transiently transfected with pCMV-tag2b-MHV-N plasmid and then infected with SEV for 12 h. Cells were collected for detection of IFN-β relative mRNA expression and SEV NH gene copies by real-time RT-PCR. The expression of MHV N protein was detected by immunoblotting with an anti-Flag antibody. As shown in Figure 1C , SEVinduced mRNA expression of IFN-β was significantly reduced in MHV N protein-expressing cells, meanwhile SEV NH RNA in mock cells equaled to cells expressing MHV N protein. This indicated MHV N perturbed IFN-β production not result from inhibiting SEV replication. The coordinated and cooperative actions of transcription factors IRF3 and NF-κB are essential to mediate type I IFN expression [40, 41] , therefore IRF3 and NF-κB were additionally examined to investigate the role of MHV N protein in type I IFN suppression. Luciferase reporter gene assays were performed with luciferase reporter plasmids IRF-3-Luc ( Figure 1D ) or NF-κB-Luc ( Figure 1E ). Our results indicated that SEV-induced promoter activities of IRF-3 and NF-κB are also blocked by MHV N protein.
SEV-induced IFNs initiate a series of signaling cascades through the Janus kinase/signal transducer and activator of transcription pathway to direct antiviral and immune gene expression, resulting in the suppression of virus replication [42] . Vesicular stomatitis virus encoding green fluorescent protein (VSV-GFP) is sensitive to this antiviral response [43] [44] [45] , which makes it a good model system to screen IFN-β antagonists. To further confirm the inhibitory effect of MHV N protein on the SEV-induced antiviral response, HEK-293T cells were transfected or mock transfected with pCMV-tag2b-MHV-N plasmid prior to infection with SEV and VSV-GFP. Dramatic reduction of VSV-GFP proliferation was observed after SEV infection, but a robust restorative effect was observed in N protein-expressing cells ( Figure 1F ). These results further confirmed that MHV N protein antagonizes the production of IFN-β. www.impactjournals.com/oncotarget
MHV N protein blocks IFN-β production by targeting molecule(s) upstream of RIG-I and MDA5
RIG-I and MDA5 are RNA sensors and can be activated by their respective RNA ligands to induce the downstream cascade pathway [46, 47] . To identify the molecular target of MHV N protein in the IFN-induction signaling pathway, HEK-293T cells were co-transfected with pCMV-tag2b-MHV-N vector and luciferase reporter plasmids containing the IFN-β promoter and Renilla luciferase-expressing plasmid, pRL-TK, and a series of IFN-β promoter stimulators in the RIG-I-like receptor (RLR) signaling pathway, including RIG/RIG-IN, MDA5, IPS-1, TBK1, IKKε, IRF3 and IRF3-5D. Luciferase assays were performed at 28 h after co-transfection. The overexpression of any molecule in the RLR signaling pathway dramatically stimulated IFN-β promoter activation, but interestingly, MHV N had no inhibitory effect on this activation (Figure 2A-2E) . This is coincident with SARS-CoV N protein inhibition of IFN-β production, which also fails to affect the activation of these signaling molecules. We re-confirmed that overexpression of SARSCoV N protein did not inhibit IFN-β promoter activation induced by RIG-I ( Figure 2F ) and MDA5 ( Figure 2G ) under our experimental conditions. If MHV N protein involved the identical IFN-β-antagonizing mechanisms to SARS-CoV N protein, which has been demonstrated not interact with RIG-I or MDA5 [37] , MHV N protein should not be supposed to target RIG-I or MDA5. To test this hypothesis, expression plasmids of hemagglutinin (HA)-tagged MHV N and Flag-tagged RIG-I ( Figure 2H ) or MDA5 ( Figure 2I ) were co-transfected into HEK-293T cells. At 28 h posttransfection, co-immunoprecipitations were performed with anti-Flag antibodies. As speculated, The cells were then re-infected with VSV-GFP for 24 h, followed by analysis for fluorescence by microscopy. *P < 0.05; **P < 0.01; ***P < 0.001. www.impactjournals.com/oncotarget MHV N protein was not detected in neither Flag-tagged RIG-I nor MDA5 precipitates, suggesting that MHV N protein did not associate with RIG-I or MDA5. All together, these data indicated that MHV N and SARSCoV N proteins suppress the activation of an upstream molecule in the IFN signaling cascade.
MHV and SARS-CoV N proteins attenuate PACT-mediated RIG-I/MDA5 activation of the IFN-β promoter
Previous studies have revealed that optimal activity of RIG-I and MDA5 requires PACT, a cellular dsRNAbinding protein which binds to RIG-I and MDA5 to induce IFN production [24, 48, 49] . MHV and SARS-CoV N proteins with RIG-I-signaling antagonistic and RNA binding properties were speculated to target PACT. To test this possibility, HEK-293T cells were co-transfected with MHV N or SARS-CoV N expression plasmids and PACT, and either RIG-I or MDA5, along with luciferase reporter plasmids. Luciferase assays were performed to assess the suppressive activity in the presence of PACT and either RIG-I or MDA5 at 28 h after co-transfection. As shown in Figure 3 , PACT promoted the activation of RIG-I and MDA5 for induction of IFN-β promoter activity, but this effect was reversed by the N proteins of MHV and SARSCoV. These findings indicated that MHV ( Figure 3A and 3B) and SARS-CoV ( Figure 3C and 3D) N proteins counteract the activity of PACT.
MHV and SARS-CoV N proteins bind to PACT and impair interactions between PACT and RIG-I/MDA5
If MHV or SARS-CoV N proteins target PACT, then colocalization between these proteins should occur within cells. To test this association, Flag-tagged MHV or SARSCoV N proteins and HA-tagged PACT were co-transfected into HEK-293T cells. Indirect immunofluorescence assay (IFA), reciprocal co-immunoprecipitation and immunoblotting experiments were then performed. IFA showed that MHV and SARS-CoV N proteins were both distributed in the cytoplasm, as was PACT ( Figure 4A ). found that PACT was present in the MHV and SARS-CoV N protein precipitates and vice versa, MHV and SARSCoV N proteins were present in the PACT precipitate ( Figure 4B-4E ). These results indicated that MHV and SARS-CoV N proteins can interact with PACT.
Co-immunoprecipitation and immunoblotting experiments
PACT physically binds to the C-terminal repression domain of RIG-I and potently stimulates RIG-I-induced type I interferon production, resulting in stimulation of its ATPase activity [24] . N protein-PACT interactions may impair the association between PACT and RIG-I. To assess this hypothesis, HEK-293T cells were transfected with increasing amounts of Myc-tagged MHV or SARS-CoV N proteins, together with constant amounts of pCAGGS-HA-PACT and Flag-tagged RIG-I. Immunoprecipitation was performed with anti-HA antibody, and the coprecipitated N proteins and RIG-I were analyzed by immunoblotting with anti-Myc and anti-Flag antibodies. As shown in Figure 5A and 5B, PACT efficiently pulled down RIG-I. However, the amount of RIG-I present in PACT precipitates gradually decreased as the amount of MHV and SARS-CoV N proteins increased. These results suggested that MHV and SARS-CoV N proteins inhibit the PACT-RIG-I interaction in a concentration-dependent manner.
Considering that co-expression of MDA5 and PACT resulted in enhancement of MDA5-induced activation of the IFN-β promoter [48, 49] , we hypothesized that the activation of MDA5 might plausibly be mediated by a direct interaction with PACT. We therefore performed co-immunoprecipitation experiments with lysates of co-transfected or single vector HA-tagged PACT and Flag-tagged MDA5 transfected HEK-293T cells. As shown in Figure  5C and 5D, both HA-tagged PACT and Flag-tagged MDA5 proteins were found to co-precipitate upon detection with anti-HA and anti-Flag antibodies. This indicated that PACT also interact with MDA5. To investigate this interaction further, we repeated the co-immunoprecipitation experiment to detect whether N-PACT interactions could also disrupt the PACT-MDA5 association. Likewise, gradually decreasing levels of MDA5 were detected in the anti-HA precipitate as MHV and SARS-CoV N protein concentrations were increased ( Figure 5E and 5F), indicating that formation of the PACT-MDA5 complex is impaired by the viral N proteins. was constructed ( Figure 6C ) and verified no RNA binding activity ( Figure 6D ). Then ΔPACT-N association was assessed with co-immunoprecipitation experiment using anti-HA antibodies. As shown in Figure 6E and 6F, both MHV and SARS-CoV N proteins were detected in ΔPACT precipitates, with a weaker band compared with wild type PACT precipitates. This confirmed that PACT mutant with no RNA binding activity is sufficient for N interaction.
PEDV and PRRSV N proteins do not counteract PACT
We wished to determine whether this N-PACT targeting mechanism was universal for CoV-encoded N proteins, and potentially even commonly used by the N proteins from arteriviruses, which are of the same phylogenetic order as CoVs. To test this possibility, the N proteins of PEDV, a member of the alpha-CoV genus and PRRSV, a member of the arteriviridae family, were chosen for co-immunoprecipitation experiments; both N proteins are also known to be IFN-antagonizing proteins but function downstream of RIG-I and MDA5 [38, 52] . As shown in Figure 7A and 7B, neither PEDV nor PRRSV N protein was present in the PACT precipitates. Thus, PEDV and PRRSV N proteins were not supposed to impair PACT-RIG-I/MDA5 complex conformation. To test this, Flag-tagged RIG-I or MDA5 expression plasmids, HA-tagged PACT, together with increasing amounts of pCAGGS-Myc-PEDV-N or pCAGGS-Myc-PRRSV-N vectors, were co-transfected into HEK-293T cells for 28 h. Cell lysates were harvested for co-immunoprecipitation experiments using anti-HA antibodies. As shown in Figure  7C -7F, neither PEDV nor PRRSV N proteins disrupted RIG-I or MDA5 solid interaction with PACT. Hence, these supported the notion that MHV and SARS-CoV N proteins are unique in their counteraction with PACT.
DISCUSSION
Previously, MHV N protein was reported to antagonize the IFN response, with limited information about MHV N protein effects on IFN synthesis. In this study, we found that MHV N protein was responsible for this IFN-antagonizing activity and the molecular mechanism was identical to that of SARS-CoV N protein.
We further investigated the shared IFN-antagonistic mechanism of MHV and SARS-CoV N proteins, and found that they targeted PACT to impede the interaction of this molecule with RIG-I/MDA5, leading to blockade of PACT-activated RIG-I/MDA5, and ultimately inhibition of IFN-β synthesis.
CoV N proteins share a similar overall topology structure and highly conserved function of packaging the viral genome with structural proteins to form ribonucleoprotein complexes for viral assembly [55] . However, their behaviors in host innate immune mediation were quite distinct from this structural function. Among CoV N proteins, MHV, SARS-CoV, and PEDV N proteins were identified as IFN antagonists [38] . MHV and SARSCoV N proteins were proved by us to target PACT to inhibit IFN-β synthesis, but the N protein of MHV also inhibited RNaseL-mediated host translation shut-off [39] , which has not yet been shown for SARS-CoV N. PEDV N protein was previously reported to target TBK1, thus disrupting the interaction between IRF3 and TBK1 [38] . Surprisingly, MERS-CoV N protein was demonstrated to be unable to suppress IFN production [56] . But recently, SARS-CoV and MERS-CoV N proteins were discrepantly reported to prohibit RIG-IN induced IFN-β production with same methods [57] . In addition, given the mutual RNA binding properties of CoV N proteins [58] , it will be of interest to determine whether coating of dsRNA is another common mechanism by which N proteins antagonize IFN-β expression, whereby dsRNA is masked from immunosurveillance sensing molecules.
PACT harbors multiple functions. Among these, PACT heterodimerizes with PKR and activates it via protein-protein interactions between the dsRNAbinding domain present in each protein [59] [60] [61] . All three domains of PACT can interact with but only domain 3 activates PKR [51] . In this study, we demonstrated that domain 3 of PACT is sufficient for N proteins association, but much weakly compared with wild type PACT, which is share similarity to PACT-PKR interaction. PACT can directly interact with the CTD of RIG-I, thus stimulating its ATPase activity and mediating RIG-I activation. Here, we also identified that PACT induced MDA5 activation is via directly interaction. However, MDA5 seems to be lower activated than RIG-I upon PACT stimuli. Even though RIG-I and MDA5 share a highly homologous structure, they are activated by distinct agonists. Considering the domain of PACT which associates with and activates RIG-I/MDA5 has not been mapped, the mechanisms of PACT-mediated RIG-I/ MDA5 activation and N proteins involved in PACT-RIG-I/MDA5 perturbation remain obscure. Besides, PACT associates with TAR RNA binding protein (TRBP) and/or Dicer, thus participating the RNA interference process [62] [63] [64] [65] . In the context of different binding partners, N-PACT counteraction may involve in distinct physiological process. The Ebola virus protein VP35-PACT interaction has been verified to interfere with RIG-I activation. Furthermore, this was also proposed to contribute to functions of RNA silencing and PKR prohibition in the absence of virus infection or IFN [66] [67] [68] [69] . Previous study suggested that SARS-CoV N protein suppresses RNA interference [70] . Whether the CoV N-PACT association can also contribute to the biogenesis of regulatory RNAs requires further study. PACT-mediated IFN production was described by two mechanisms: PACT potentiation of the dsRNAinduced activation of RIG-I, or direct binding of PACT to the CTD of RIG-I to augment ATPase activation [24, 71] . Thereafter, an expanding list of dsRNA-binding, IFN-antagonizing, and PACT-targeting viral proteins were identified. According to the feature of PACT combination, proteins can be classified into two types: RNA dependent and RNA independent. Us11 protein of Herpes simplex virus 1, VP35 of Ebola virus, and NS1 protein of influenza A virus interactions with PACT require an RNA binding motif, and Us11 or VP35-PACT interactions are verified totally RNA independent [49, 72, 73] . This contributes to the hypothesis that Us11 and VP35 have higher affinities for PACT than RNA, to impair direct binding of PACT to RIG-I. However, targeting of PACT by ORF4a of MERS-CoV and the N proteins of MHV and SARS-CoV are mediated by RNA [48] . Mechanistically, these three proteins may compete with RIG-I/MDA5 for dsRNA and inhibit dsRNA recognition. As mentioned above, PACT can augment RNA agonists in RIG-I/MDA5 activation. However, the interaction of MHV or SARS-CoV N proteins with dsRNA and PACT is proposed to disrupt this process. Alternatively, the antagonist-RNA-PACT complex may render RNA-PACT nonfunctional in terms of RIG-I/MDA5 activation, or prevent its subsequent combination with RIG-I/MDA5.
Despite the high homology in genetic sequence [3] , IFN antagonists produced by CoVs exploit divergent strategies with complicated characteristics. Although the majority of proteins from the various CoVs display the same phenotypic trends in IFN production, there are exceptions. While nsp1, -3, -7, -14, -15, and -16 from both SARS-CoV and PEDV were found to inhibit IFN production, as was PEDV nsp5, but not SARS-CoV nsp5 [33, 34, [77] [78] [79] [80] [81] [82] . Thus, IFN-antagonizing activity regulated by the same antagonist with similar function from differing CoVs may do so by the same mechanism, or may not. The strategy exploited by both MERS-CoV and SARS-CoV M protein is attenuation of the formation of functional TBK1-containing complexes [83, 84] . Alternative examples include the papain-like proteases (PLPs). PLP from SARS-CoV, PEDV, and MHV can deubiquitinate innate immune modulators, but the specific targets are STING/ RIG-I and STING/TBK1 [33, 85, 86] . It would appear that a strategy of tailoring several inhibitors to one target has been adopted. As demonstrated in the present study, both MHV and SARS-CoV N proteins can target PACT. There may be compensatory mechanisms involving other viral proteins to counter PACT-mediated IFN signaling in place of the N protein, such as the inhibition achieved by ORF4a protein of MERS-CoV [48] . Whether the anti-PACT mechanism could be used by other RNA-binding and IFN-antagonistic proteins requires further research, especially with regards to the proteins from the recently emerged severe pathogens MERS-CoV and PDCoV, the IFN-inhibitory effects of which have not yet been thoroughly investigated.
MATERIALS AND METHODS
Cells, viruses, and reagents. HEK-293T and L929 cells were cultured and maintained in RPMI-1640 (HyClone, Utah, USA) and DMEM (Gibco, MA, USA), respectively, supplemented with 10% heat-inactivated fetal bovine serum (FBS) (PAN-biotech, Bavaria, Germany) at 37°C in a humidified 5% CO 2 
Plasmids
The luciferase reporter plasmids IFN-β-Luc, 4×PRDIII/I-Luc (referred to as IRF-3-Luc), and 4×PRDII-Luc (referred to as NF-κB-Luc), and molecules in RLR signaling pathway including RIG-I, MDA5, IPS-1, TKB1, IKKε, IRF3, IRF3-5D have been described previously [38] , as has the plasmid containing the N protein of PRRSV, pCAGGS-Flag-PRRSV-N [87] . pCAGGS-Flag-PEDV-N-encoded PEDV N protein was constructed with specific primers and amplified from pCAGGS-HA-PEDV-N [38] . pCMV-tag2b-SARS-CoV-N was kindly provided by Deyin Guo (Wuhan University, China). pCMV-tag2b-MHV-N was constructed by standard reverse transcription (RT)-PCR assays with specific primers to amplify the cDNA of the MHV N gene from the total RNA extracted from L929 cells infected with MHV A59. MHV, SARS-CoV, PEDV and PRRSV encoded N proteins from pCMV-tag2B or pCAGGSFlag were constructed into pCAGGS-HA or/and pCAGGSMyc plasmids, and were named as pCAGGS-HA-MHV-N, pCAGGS-Myc-MHV-N, pCAGGS-HA-SARS-CoV-N, pCAGGS-Myc-SARS-CoV-N, pCAGGS-Myc-PEDV-N and pCAGGS-Myc-PRRSV-N, respectively. pCAGGS-HA-PACT was similarly constructed from HEK-293T cell RNA extracts. pCAGGS-HA-ΔPACT was constructed with overlap extension PCR by using indicated primers. And all primers used in these constructs were shown in Table 1 . All constructs were validated by DNA sequencing.
Luciferase reporter gene assay
HEK-293T cells grown in 24-well plates were cotransfected with 0.1 μg/well reporter plasmid, 0.02 μg/ well pRL-TK plasmid (Promega; as an internal control for the normalization of transfection efficiency), and the indicated expression plasmid or an empty control plasmid. Where indicated, the cells were also mock-infected/ treated or infected/treated with SEV (10 hemagglutinating activity units/well)/poly(I:C) 24 h after co-transfection. The cells were lysed 12 h later and the firefly luciferase and Renilla luciferase activities were determined with the Dual-Luciferase Reporter Assay System (Promega), according to the manufacturer's protocol. The data are the relative firefly luciferase activities normalized to the Renilla luciferase activities and are representative of three independently conducted experiments. Data are presented as means and standard deviations (SD). Values of P < 0.05 were considered statistically significant, and P values of < 0.01 were considered highly statistically significant.
RNA extraction and quantitative real-time RT-PCR
To determine the effects of MHV N protein on the expression of IFN-β, HEK-293T cells in 24-well plates were transfected with 1 µg of empty vector or plasmid encoding MHV N protein. After 24 h, the cells were mockinfected or infected with SEV for 12 h. Total RNA was extracted from the cells with RNA-Solv Reagent (Omega, GA, USA) and an aliquot (1 µg) was reverse transcribed to cDNA using AMV reverse transcriptase (Roche, Basel, Switzerland). The cDNA (1 µl of the 20 µl RT reaction) was then used as the template in a SYBR Green PCR assay (Applied Biosystems). The abundance of the individual mRNA or viral RNA transcript in each sample was assayed three times and normalized to that of the internal control, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA. The primers were designed using Primer Express software v.3.0 (Applied Biosystems) as shown in Table 2 .
Co-immunoprecipitation and immunoblotting analyses
For the transient transfection experiments, HEK-293T cells were transfected with the appropriate plasmids for 28 h. The transfected cells were lysed in 200 μL of lysis buffer (4% SDS, 3% DTT, 0.065 mM Tris-HCl, [pH 6.8], 30% glycerine) supplemented with protease inhibitor (PMSF, Sigma-Aldrich). The lysates were boiled at 100°C for 10 min before separation by SDS-PAGE and electroblotting onto a polyvinylidene difluoride membrane (Bio-Rad), and analyzed by immunoblotting with the indicated antibodies. For co-immunoprecipitation analysis, cells were washed with PBS and lysed for 20 min at 4°C in lysis buffer containing 50 mM TrisHCl (pH 7.4), 150 mM NaCl, 1% NP-40, 10% glycerin, 0.1% SDS, and 2 mM Na 2 EDTA. The lysates were then cleared by centrifugation, and the proteins were immunoprecipitated overnight at 4°C with affinity antibodies and protein A+G agarose beads (Beyotime, Shanghai, China). The immunoprecipitates were washed three times with 1 mL of lysis buffer and then analyzed by standard immunoblotting procedures. 
Indirect immunofluorescence assay (IFA)
HEK-293T cells seeded on microscope coverslips and placed in 24-well dishes were co-transfected with MHV or SARS-CoV N protein expression plasmid with PACT when the cells reached approximately 70%-80% confluence. At 28 h post-transfection, the cells were fixed with 4% paraformaldehyde for 10 min, and then permeated with 0.1% Triton X-100 for 10 min at room temperature. After three washes with PBS, the cells were sealed with PBS containing 5% bovine serum albumin for 1 h, and then incubated separately with rabbit polyclonal antibody directed against Flag (1:200) or mouse monoclonal antibody directed against the HA tag (1:200) for 1 h at room temperature. The cells were then treated with Alexa Fluor 488-conjugated donkey antimouse or 594-conjugated donkey anti-rabbit antibodies for 1 h, and then with 4′,6-diamidino-2-phenylindole (DAPI) for 15 min at room temperature. After the samples were washed with PBS, fluorescent images were acquired with a confocal laser scanning microscope (Olympus Fluoview ver. 3.1, Tokyo, Japan).
RNA binding assays
We assessed RNA binding ability by using poly(I:C)-or poly(C)-agarose binding assay. Poly(I:C)-coated agarose was made by incubating poly(C)-coated agarose with poly(I) in 56°C for 30 min, then cool down to 4°C. Cell lysates incubated with poly(I:C)-or poly(C)-coated agarose for 1 h in 4°C, then washed three times with lysis buffer and subjected to immunoblot analysis. Poly(C)-coated agarose was set as a negative control.
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